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The hydrogen fuel cell is a form of renewable energy generation technology that produces 
energy electrochemically and can address energy concerns in the near future, especially due to the 
diminishing supplies of non-renewable fuel sources. However, the major challenge in current 
hydrogen fuel cells is the slow kinetics of the oxygen reduction reaction (ORR) at the cathode. 
Current catalysts of Pt/C are not yet cost effective in terms of catalytic activity. In addition, 
prolonged operation in fuel cell conditions leads to degradation of these catalysts, limiting long-
term use. To address this, future fuel cell catalysts must be able to catalyze the ORR more 
effectively while simultaneously decreasing the content of Pt. The combination of Pt alloys and 
sulfur-doped graphene is hypothesized to increase both the catalytic activity and durability of the 
cathode catalyst, thereby increasing the viability of fuel cell technology. 
Pt has been alloyed with various other metals to increase catalytic activity, with multimetallic 
nanoparticles having shown superior performance over pure Pt catalysts. The phenomena 
responsible for this enhancement have attracted much interest, and proposed models behind the 
physical as well as electronic mechanisms have been scrutinized. In addition, recent work on 
sulfur-doped graphene (SG) support materials have been observed to increase the activity and 
durability of pure Pt catalysts by means of a tethering effect. The combination of Pt alloys with 
SG have not yet been investigated, and it is not yet known how they will behave in tandem. The 
interactions on the catalyst active sites will be under the influence of both the support material and 
the alloy characteristics. Because of this, changes to the physical and electronic structure are 
typically a convolution of mechanisms from these two components. Literature on Pt alloy catalysts 
has suggested that Pt combined with late 3d transition metals yield the most active electrocatalysts. 
In particular, bimetallic Pt-Ni nanoparticles have demonstrated considerable improvements in 
catalytic activity over state of the art Pt/C catalysts. 
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In this work, bimetallic Pt-Ni alloy particles are deposited onto SG supports to serve as an 
ORR catalyst, then subjected to chemical dealloying and post heat treatment steps to produce three 
electrocatalysts with each representing a different stage of the synthesis procedure. 
Electrochemical testing of the catalysts will follow guidelines and targets set by the US 
Department of Energy, while other characterization techniques corroborate physical observations 
with the electrochemical results. In this project, results showed that the final stage of the prepared 
catalyst Pt-Ni/SG-PHT exhibited greater stability than commercial Pt/C in ADT conditions of 
1500 cycles from 0.05 to 1.3 V vs RHE. The Pt-Ni/SG-PHT catalyst experienced a 27% loss in 
ECSA from 23.0 m2/g to 16.7 m2/g, while Pt/C suffered a 59% loss from 45.3 m2/g to 18.3 m2/g. 
Similarly, the mass activity of the Pt-Ni/SG-PHT catalyst decreased by 28.0% from 93 mA/mgPt 
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Chapter 1 — Introduction 
1.1 History of Fuel Cells 
A fuel cell is a device which converts chemical energy of a reactant into electrical energy 
through electrical energy conversion. The fuel cell concept had been effectively demonstrated in 
the early nineteenth century by Humphry Davy and was followed by pioneering work of scientist 
Christian Friedrich Schönbein in 1838 on what was to become fuel cells. The term “fuel cell” was 
first used by Charles Langer in 1889 and with Ludwig Mond, they constructed first practical fuel 
cell device using industrial coal gas as the fuel and air as oxidant. Despite this, William Grove is 
generally credited for the invention of fuel cell in 1939. Grove demonstrated that electric current 
can be produced by placing two platinum strips in separate bottles containing hydrogen and oxygen 
in the presence of sulfuric acid. However, due to a number of factors including a poor 
understanding of their principles, unreliable fuel sources, and expensive catalysts, their practical 
implementation was a challenge at the time. In 1932, Cambridge engineering professor Francis 
Bacon modified Mond's and Langer's model to develop the first alkaline fuel cell (AFC) but it took 
until 1959 for Bacon to demonstrate a practical 5 kW fuel cell system. In collaboration with 
industrial partners, NASA started designing fuel cell generators for manned space missions in the 
late 1950s and early 1960s. They were first used for the Gemini and Apollo space projects. With 
this, interest in this technology began in earnest and in recent years polymer electrolyte membrane 
fuel cells (PEMFCs) for sustainable and clean energy production have drawn dramatic attention 
as a replacement for fossil fuels. 
Diminishing fossil fuel supplies and environmental concerns motivated the development of 
alternative sources for clean energy. Hydrogen is a potential clean energy source with that has the 
possibility to replace or minimize dependence on hydrocarbon fuel sources. Hydrogen can be 
produced from both non-renewable feed stocks and renewable energy sources such as wind, solar, 
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hydro and biomass. More specifically, hydrogen can be produced by electrolysis of water using 
electricity generated from renewable sources. Combining these advantages, hydrogen has the 
potential to develop into efficient energy conversion technologies such as fuel cells.  
Two main sources of clean energy are batteries and fuel cells. Both convert chemical energy 
of fuel and oxidant to electrical energy, with the former being a form of energy storage and the 
latter being a form of energy generation. Unlike batteries, fuel cells rely on a continuous input of 
fuel and do not need charging. In fuel cells, only generate electricity, water and heat. In addition, 
fuel cells have several advantages over thermal combustion engines including high energy 
conversion efficiency, lack of emissions, and an abundance of fuel. As can be seen, fuel cells are 
now being considered as a clean power source in areas of transportation as well as in stationary 
and portable power generation. Combined with other renewable energy sources, this has the 
possibility of solving potential global energy crises. 
While fuel cells have tremendous potential as a clean energy source, one of the major problem 
associated with this technology is cost. According to the US DOE guidelines, the cost reduction 
targets are at $40/KW by the end 2020. In consideration of other clean energy technologies such 
as batteries and supercapacitors, the DOE has set $30/KW as the final cost target.  To enable the 
commercialization of fuel cell on a global scale, fuel cell systems must also have to meet durability 
targets. Fuel cell system for transportation applications must also compete with internal 
combustion engines (ICEs) and other technologies. Furthermore, fuel cell systems have to match 
the lifetime of ICEs in order to be economically viable. In this respect, fuel cells must be 
operational to 5000 hours of use with less than 10% loss in performance. In comparison to ICEs, 
this is roughly equivalent of 150 000 miles of driving. 
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Polymer electrolyte membrane fuel cells (PEMFCs) use hydrogen as fuel, which is oxidized at 
the anode to form two protons. These are then transported to cathode across a polymer electrolyte 
where they participate in an oxygen reduction reaction (ORR) to form pure water. Because this 
product is relatively benign, PEMFC considered as clean energy conversion device. However 
many challenges associated with PEMFCs including performance, cost and operational durability 
must be addressed prior to widespread commercialization of PEMFCs.  
Researchers have identified several fundamental reasons associated with the degradation and 
loss in durability for PEMFCs. These include surface area and electrochemical activity loss due to 
catalyst dissolution, activity loss due support corrosion, catalyst particle growth and agglomeration, 
voltage loss due to contact resistance between individual components, degradation of the 
membrane due to chemical and mechanical stress, and a decrease in catalyst and membrane 
performance due to contamination or poisoning. It is significant to note that out of these major 
challenges, four of them are associated with the catalyst.  
In terms of cost, one of the most expensive components of PEMFCs is the catalyst layer at 
each electrode; they comprise 55% of the total cost of a PEMFC stack. Platinum nanoparticles 
dispersed on high surface area carbon black, hereon denoted as Pt/C, are principally responsible 
for high cost of PEMFC systems. The sluggish kinetics of the oxygen reduction reaction (ORR) at 
cathode necessitates the use of these expensive Pt/C catalysts. Platinum is currently the best pure 
metal to catalyze ORR when considering activity and durability. However, reaction mechanisms 
of the ORR result in energy losses, and these are found in the overpotential and slow kinetics. As 




The volatility and scarcity of platinum has already been identified, and DOE targets indicate a 
Pt loading of 0.125mg cm-2 by 2020. Other relevant DOE targets are shown in table below. 
 







Power density W L-1 400 850 
Specific power W kg-1 400 650 
Cost $ kW-1 49 30 
Durability hours 2500 5000 
Pt group metal total loading mg cm-2-electrode area 0.15 0.125 
Mass activity A mg-1 Pt at 0.9 V iR free 0.24 0.44 
 
1.2 Background on Pt-Based Active Materials 
From the well-known volcano plot of ORR activity, [1] it can be seen that the binding energy 
of oxygen onto a Pt surface is such that pure Pt exhibits the greatest catalytic activity of all elements. 
The Hammer-Nørskov d-band model asserts that the binding energy of an adsorbate is based on 
its orbitals’ energy levels, those of the d-band orbitals of the material surface, and the subsequent 
coupling interactions between them. [2] From these factors, the adsorption energy for oxygen will 
be influenced by any changes in the metal d-band parameters, including its width and the energy 
of the d-band centre. For ORR catalysis, particular focus has been brought on the d-band centre of 
the catalyst. The energy of the Pt d-band centre is slightly too close to the Fermi level. [3] At this 
energy level, oxygen is bound too strongly to the active site compared to the energy that would 
provide the theoretical maximum activity from the volcano plot, with an approximately 0.1 eV 
weakening of the binding being optimal. [4] Thus lowering the d-band centre of pure Pt away from 
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the Fermi level would allow for more balance between oxygen adsorption to desorption and hence 
more potent ORR electrocatalysis. [5] In addition, the width of d-orbital DOS is closely related to 
the d-band centre and the effects on the ORR catalysis. From the d-band model, adsorption 
involves interaction with the catalyst’s d-orbitals. The d-band width determines the vacancy of 
states certain energy levels, as broadening this band causes the lower energy states to be filled. 
This lowers the average energy of the band, bringing the d-band centre away from the Fermi level. 
This effect can also be observed in the relationship between the band width and d-band centre as 
per the rectangular band model. [6] 
From this, the most intuitive approach towards increased electrocatalyst activity is to change 
the d-band centre of the active material so that the oxygen binding energy lies with the proposed 
maximum. There are several methods by which the d-band centre of a pure metal catalyst have 
been changed to more favourable energies. Among the most popular of these methods is the 
combination of Pt with other metals to form metallic alloys, and mechanisms from the resulting 
metal interaction contribute to an improved catalytic activity. Furthermore, work has been 
conducted on altering the morphology of Pt catalysts so that the benefits can be obtained from the 
structure of the electrocatalyst. More focus will be brought on these two fields of study. 
 
1.2.1 Pt Alloy Catalysts 
While pure Pt is the most catalytically active element towards the ORR, bimetallic alloys of Pt 
with other metals have been observed to act as superior catalysts over single elements alone. Alloys 
with other PGMs, such as Pd or Rh, replace Pt with other elements that are still relatively active 
towards the ORR so that the second metal does not inhibit the favourable activity of the final Pt-
based electrocatalyst. Moreover, the relatively inert characteristics of Pt and other PGMs allow for 
continued catalyst use in the harsh operating conditions of a PEMFC. For the same reason, other 
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noble metals such as Au have been attractive for use in bimetallic catalysts. Because of their 
relatively inert nature and high reduction potentials, membrane contamination by any dissolved 
metal cations is not as serious a concern for noble metals. [7] Even so, commercial Pt/C itself does 
exhibit stability issues after continued operation and can still experience dissolution. The use of 
other metals has been shown to increase the capabilities of an alloyed catalyst beyond that of 
monometallic Pt catalysts alone. In terms of PGM-based alloys, Solla-Gullón et al. synthesized 
PtPd nanoparticles via a microemulsion technique while Ye and Crooks demonstrated increased 
catalytic activity with dendrimer-encapsulated particles of bimetallic PtPd; Alia et al. produced Pt-
coated Pd nanotubes via galvanic displacement to reduce the Pt content of their electrocatalyst. 
[8][9][10] Furthermore, Zhang et al. showed that nanodentrites of alloyed Pt-Ir had bifunctional 
catalytic capabilities towards the ORR and OER. [11] For non-PGM noble metals, Yeo et al. used 
Au seeds to form PtAu nanodentrites for greater catalytic activity than Pt/C, whereas Zhang et al. 
were able to enhance the stability of Pt/C with the use of Au nanoclusters. [12][13] In addition, 
Liang et al. analyzed nanorods of Pt alloyed with Pd, Ag and Au for catalytic activity and durability 
experimentally as well as computationally. [14] 
While the alternatives listed above are less costly compared to Pt, alloys with yet more 
abundant elements replace the aforementioned precious metals with vastly less expensive materials. 
Alloying with transition metals has demonstrated that bimetallic catalysts can exhibit greater 
catalytic performance than Pt alone. Based on its favourable performance in high-temperature 
phosphoric acid fuel cells (PAFC), Antolini et al. alloyed V with Pt and revealed alternative 
reaction mechanisms with the PtV/C catalyst as opposed to commercial Pt/C. [15] After 
observations as an effective oxidation catalyst at the anode, Xiong et al. synthesized PtW/C for 
use as a reduction catalyst at the cathode. [16] Greeley et al. identified the early transition metals 
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Sc and Y as viable elements to alloy with Pt via DFT and demonstrated an improvement in catalytic 
activity for both bimetallic catalysts in RDE experiments. [17] Moreover, Hernandez-Fernandez 
et al. investigated PtY catalysts in nanoparticle form, as such alloys had previously only been 
prepared in other forms. [18] The late 3d transition metals including Fe, Co, Ni and Cu have 
attracted particular attention and many studies have revolved around alloys with these metals. In 
fact, the catalytic activity of PtM (where M is Fe, Co, Ni or Cu) bimetallic catalysts has been noted 
to exceed that of Pt alloyed with precious metals despite the relatively low activity of monometallic 
3d transition metals by themselves. [19][20][21][22][23] 
In these alloys, the different lattice parameters in the metal constituents induce a contraction 
or expansion on the lattices of the respective metals. Hence, the lattice constant of Pt can be altered 
using the lattice constant of the alloyed metal. Changes in the interplanar distance within the 
metallic lattice have a direct effect on the electronic structure of the material. It has been 
determined both empirically as well as from simulations that the modifications in the electronic 
structure from the changing interatomic distance are directly related to the d-band centre of the 
final active material, with the d-orbital overlap changing with the amount of compressive or tensile 
strain; in turn, the adsorption energy is dependent on the new d-band energy and hence the 
adsorption-controlled catalytic activity can be adjusted by the strength of the lattice strain from the 
alloyed metal. [6] This phenomenon has been referred to as the strain effect. Because of its 
relationship with lattice changes in the alloyed catalyst, this has also been called the geometric 
effect. It has been noted that the strain effect can extend numerous atomic layers past the active 
surface of the catalyst. As a result, various factors including the size and composition of the 
resulting alloy will have an effect on the catalytic ability of the surface active sites. From these 
mechanisms it can be seen that the choices in alloying metal, method of alloying, and atomic ratios 
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of each metal in the alloy are all possible factors that when combined offer a plethora of 
electrocatalyst alloy types by which the strain effect can be expressed. One such an example would 
be PtY catalysts binding oxygen intermediates more strongly due to the tensile strain imposed on 
the Pt component by Y, while the opposite example would be that of compressive strain on Pt 
weakening the same binding when alloying with transition metals with smaller radii. [18] 
A second phenomenon contributing to improved catalysis in Pt alloys is the ligand or electronic 
effect. Under this mechanism, the electronic interaction between alloyed metals of differing 
electronegativity result in a short-range charge transfer. It has typically been reported to act across 
a maximum of a few atomic layers in an alloy catalyst, much fewer than the strain effect. As a 
more specific example of the ligand effect, the addition of a less electronegative metal to Pt can 
result in periodic electron transfer events from these new atoms. This transfer has the effect of 
changing the electronic structure of the catalyst active site; as with the strain effect, the modified 
electronic structure has a direct relation to the adsorption energy of any relevant species and thus 
the catalytic activity of the material. Because both the strain effect and ligand effect act in tandem, 
the electronic structure of an alloy catalyst is typically a convolution of these two phenomena and 
are usually referenced together in empirical studies. 
The ensemble effect is a phenomenon that posits that species of a bimetallic surface must be 
organized in specific arrangements in order to serve as effective active sites. [24] These 
configurations of atoms are eponymously referred to as ensembles. Being positioned in this 
manner allows for a wider range of reaction pathways at these ensembles, some of which may 
involve more facile sorption mechanisms for intermediates to and from these ensembles. [25][26] 
As with the aforementioned effects, it is difficult to ascertain the exact contribution that the 
ensemble effect has on catalysis as it is accompanied by the other effects from alloying. To this 
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end, studies have been conducted to isolate the extent of the ensemble effect from various atomic 
arrangements for a number of adsorbates and their associated catalyzed reactions, including but 
not limited to the ORR. [27][28][29] It should be noted that even for alloys where Pt forms the 
major constituent, the presence of the second metallic element – or even vacancy in the case of 
voids or pores – can affect the types and importance of given ensembles. Gan et al. explicitly 
investigated the nature of nanoporosity and the degradation of such pores in bimetallic Pt-Ni 
particles to understand the role of porous ensembles for specific activity and catalyst durability in 
ORR conditions. [30] Research to deconvolute the ensemble effect has been conducted much like 
the strain and ligand effect; Deng et al. deposited Pt layers onto Au to correlate all three to ORR 
performance as a function of Pt thickness. [29] 
While mostly attributed with the oxidation of alcohol or formic acid fuels at the anode, [31][32] 
the bifunctional mechanism in Pt-based alloys has also been proposed as a contributing factor 
towards the enhanced catalysis of the ORR. In this model, the secondary metal is more easily able 
to facilitate reactions involving intermediates or otherwise promote elementary steps in a reaction 
scheme that Pt alone cannot. [33] For this reason, this phenomenon has also referred to as the 
promoted mechanism. [34] The most commonly referenced example of the bifunctional 
mechanism is that of bimetallic PtRu serving as the anode catalyst for alcohol oxidation, with CO 
poisons being cleared from active sites by the Ru component in the electrocatalyst. [35] The 
influence of the bifunctional mechanism has not been as well investigated for the ORR at the 
cathode, with Pt-based alloy catalysts offering some nominal conjecture towards its importance. 
[36][37][38] Rather, the majority of reported ORR electrocatalysts with the explicit intent of 
exploiting this mechanism at the cathode have been Pt-free and/or of relatively esoteric 
composition. [39][40] Though it may be present for a given alloy, it is believed that the other 
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effects – particularly the strain and ligand effects – are much more salient for the ORR at the 
cathode as compared to oxidation reactions at the anode; in fact, catalysis with alloys such as PtAu 
and PtCu have been shown to be free of the bimetallic mechanism, depending on the morphology 
of the surface and compositional homogeneity. [41][42] 
Based on the fundamental mechanisms listed above, it can be inferred that the composition of 
an alloyed catalyst will have significant effects on its catalytic activity. Here, the choice of metals 
to alloy as well as the ratio of the components in the alloy are the major factors that can be 
optimized. As aforementioned, alloying Pt with the late transition metals Fe, Ni, Co and Cu have 
produced some of the most catalytically active materials to date. Wang et al. synthesized bimetallic 
Pt alloys with Fe, Co, or Ni as the secondary metal using carbon black as a support material. With 
these catalysts, the improvement factor towards specific activity was determined with reference to 
commercial Pt/C for each. The deliberate homogenization of the particle composition and control 
over Pt distribution allowed them to conclude that Pt3Co was the most catalytically active alloy, 
[43] which concurs with previous findings on bimetallic alloys. [44] Studies on the ideal metal 
composition for various bimetallic systems have also been conducted. Chen et al. found that for 
Fe-Pt alloy catalysts, a compositional ratio of Fe42Pt58 provided the highest catalytic activity in 
terms of reaction rate. [45] Similarly for Ni-Pt alloys, Wang et al. optimized the composition and 
discovered Pt1Ni1 was the optimum compared to ratios of Pt3Ni, PtNi2 and PtNi3. [46] 
  
1.2.2 Size-Controlled Pt Catalysts 
The current state-of-the-art catalyst for the ORR at the cathode revolves around Pt 
nanoparticles deposited onto high surface area carbon black, commonly referred to as Pt/C. The Pt 
nanoparticles in this commercial catalyst are typically uncontrolled in physical aspects such as size 
or shape, but are typically spherical particles with a diameter of approximately 2-3 nm. [47] 
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Intuitively, a reduction in the size of these particles would be assumed to lead to a larger surface 
area to volume ratio and thus increase the number of active sites for a given amount of Pt. 
Alternatively, active site number and thus catalytic activity could be maintained with these smaller 
particles. Unfortunately, it has been observed that further miniaturizing the Pt particle size in 
current Pt/C catalysts not only yields diminishing returns, but in fact decreases surface area specific 
activity through a deactivation phenomenon. Work on size-controlled Pt particles has observed 
that this activity decrease occurs in particles smaller than 2.7 nm in diameter, [48] with larger 
particles up to 11 nm in size exhibiting an activity improvement; these discoveries have been 
attributed to a greater number of terraced sites on the surface of larger particles. [49] In addition, 
the proportion of strongly-binding edge sites to the area of more catalytically facets increases as 
particle size decreases. At these edge sites, oxygen is bound much more strongly than at other 
active sites and dissociation is inhibited. Furthermore, it has been determined that the electronic 
structure of the catalyst changes for extremely small particles possibly due to quantum size effects, 
and oxygen binding is strengthened for these small particles. [50] It has been deduced by Gasteiger 
et al. that this size effect will be present both in RDE experiments as well as in MEA testing 
conditions, as it has been observed in RDE conditions with the non-adsorbing electrolyte HClO4. 
[51] The effects were verified by Xu et al. for MEAs using size-controlled Pt/C in the range of 
3.0-6.5 nm. [52] Otherwise for sufficiently small particles, there is no benefit to decreased size and 
ORR activity becomes independent of this property. This has been confirmed by various groups 
such as Yano et al. in the 1-5 nm size regime. [53] Interestingly, ultrasmall particles in the 
subnanometre regime have been observed to express unexpectedly high activity when prepared as 
clusters encapsulated by dendrimers. [54] Finally, DFT calculations by Calle-Vallejo et al. 
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revealed trends in the adsorption energies of oxygen adsorbates for particles in a small enough size 
regime such that the d-band model was no longer accurate. [55]  
Aside from the effects on catalytic activity, stability issues arise from extremely small particles 
when they eventually degrade from mechanisms such as Pt dissolution, particle aggregation and 
Ostwald ripening. [18][47] While Pt/C generally catalyzes the ORR under the desired four-electron 
pathway, Antoine and Durand have demonstrated via RRDE that there is a minor size effect on 
H2O2 generation via the undesirable two-electron pathway in sufficiently small particles. [56] For 
these reasons, there has been no strong motivation to obtain smaller Pt particles in commercial 
Pt/C catalysts. 
 
1.2.3 Facet- and Shape-Controlled Pt Catalysts 
Based on the differing surface energy of the basal crystal facets for a given metal, it can be 
inferred that these facets will display different sorption kinetics. For Pt, it was found that the (111) 
plane has the lowest surface energy and (110) has the highest. In studies involving a non-adsorbing 
electrolyte such as HClO4, the ORR activity for these facets from highest to lowest is Pt(110) > 
Pt(111) > Pt(100); in conditions where the electrolyte could poison the active sites with the 
adsorption of dissociated ions as with the bisulfate ion in H2SO4 onto the Pt surface, the order for 
ORR activity in these facets differ. [57] Wang et al. measured the catalytic activity of 3 nm 
polyhedra, 5 nm truncated cubes and 7 nm cubes via RDE techniques in H2SO4 and attributed the 
highest activity in the {100} faceted nanocubes to bisulfate adsorption. [58] Komanicky et al. 
utilized nanofabrication techniques to create Pt arrays with these low-index facets based on 
appropriately oriented substrates in order to correlate facets and shapes to catalytic activity. [59] 
From these works, it can be seen that control over the morphology and shape of the Pt catalyst 
such that more desirable crystal facets become exposed can lead to increases in mass activity.  
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This is also the case for Pt alloy catalysts, though the most active facet will differ depending 
on the type and composition of the alloy. In any case, finer control over the shape of the particles 
allows for investigation into the most active facet of a given electrocatalyst. Work by Stamenkovic 
et al. on single crystal Pt3Ni is the most salient example of investigating the catalytic activity for 
facets of Pt alloy catalysts. It was determined that among the three low-index facets described 
above, Pt3Ni(111) was the most catalytically active facet being 10 times more active than single 
crystal Pt(111) and 90 times more active than commercial Pt/C. [60] This result was further 
confirmed by Wu et al. using Pt3Ni truncated octahedra dominated by the Pt3Ni(111) facet. [61] 
Similar levels of catalytic enhancement were achieved by Zhang et al. with Pt3Ni when comparing 
{111} dominated octahedral to {100} dominated nanocubes. [62] Furthermore, Carpenter et al. 
synthesized well-faceted Pt alloy nanocrystals using a solvothermal procedure that allowed for 
shape control; while the procedure was applied to Fe, Co, and Cu precursors, the Pt-Ni catalysts 
generated the most interest with different facets and morphologies being generated based on the 
ratio of Pt to Ni. [63] Chen et al. produced hollow Pt3Ni nanoframes that had several monolayers 
of Pt on the surface and displayed properties similar to Pt(111) facets after annealing. [64] These 
nanoframes minimize the amount of unexposed Pt beneath the surface and thereby achieved a high 
degree of both catalytic enhancement as well as durability over commercial Pt/C. Finally, Choi et 
al. prepared uniform Pt-Ni octahedra with record mass activity attributable to the surfactant free 
{111} facets present in their highly controlled synthesis methodology. [65]  
The high activity exhibited by the Pt3Ni has attracted great interest and the works above have 
been conducted to achieve the most comprehensive understanding of this bimetallic system. 
However, investigations into the crystal facets of other alloy materials have also been performed. 
Lee et al. prepared Pt-Pd octahedra with {111} as the dominant facet in differing compositions of 
14 
 
Pt3Pd1, Pt1Pd1, and Pt1Pd3. Electrochemical testing with carbon black as a support revealed that 
their Octa-Pt3Pd1/C catalyst yielded the greatest enhancement in catalytic activity over spherical 
Pt3Pd1/C and the authors attributed this to the high surface area for the {111} facet that was not 
present in the spherical particles. Nanodentrites with a Pd core and Pt branches were synthesized 
by Lim et al. and it presented an enhanced mass activity over commercial Pt/C. [66] Such a 
nanostructure has an intrinsically high surface area, and it was observed that most of the surface 
was of the {111} facets though {110} and high-index {311} facets were also present. 
 
1.2.4 Pt Monolayers and Core-Shell Structures 
The ORR is generally catalyzed by active sites on the surface of an electrocatalyst. Subsurface 
atoms may indirectly affect the reaction through mechanisms described above, but do not directly 
contribute in the form of active sites. As a result, work has progressed towards core-shell 
morphologies or thin Pt layers deposited over other materials with the motivation of decreasing 
the precious metal loading in the final electrocatalyst and thus increasing the commercial 
feasibility of Pt-based catalysts. Core-shell structures are usually associated with alloy catalysts, 
with the Pt forming the shell of the particle and the non-noble metal forming the core. The most 
direct means of achieving a core-shell structure is a single step impregnation reduction 
methodology as conducted by Wang et al. to produce Pt3Co@Pt core-shell nanoparticles. [67] 
Otherwise, a core-shell particle can be prepared using a number of different procedures. One 
method begins with a particle of Pt alloyed with a transition metal. A selective dissolution 
procedure consisting of sustained acid exposure will cause transition metals at the surface to 
become oxidized. This acid leaching of the particle leaves vacancies which then causes diffusing 
Pt atoms to enrich the surface. [68] The diffusion phenomenon leaves many defects at the surface, 
and literature denotes these types of core-shell particles as Pt skeleton structures. [44] This 
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approach was conducted by Wang et al. to produce Pt skeleton structures from Pt-Ni alloy 
nanoparticles. [46] 
An alternative approach involves the induced segregation of Pt atoms to the surface of the 
particles. This can be done by heat treating an alloy particle. This thermal annealing restructures 
the surface of the nanoparticle so that a pure Pt monolayer is formed around the bulk of the particle. 
At the same time, the Pt content of the immediate subsurface layer has been observed to decrease 
indicating a thermally-induced segregation phenomenon. [44] This type of core-shell structure has 
been referred to as a Pt-skin surface in literature. The exact mechanisms for segregation processes 
are not known for each alloy configuration, but it is possible to conduct Monte Carlo simulations 
to determine the relationship between annealing parameters and the final segregated particle. [69] 
One example of this procedure is a comparison of Pt-skin and Pt-skeleton core-shell structures in 
work performed by Stamenkovic et al. on Pt alloyed with various transition metals. [70] The 
disadvantage of this method is that annealing can lead to a decrease in the electrochemically active 
surface area and the growth of metal particles by sintering and similar phenomena. [69] 
A third method of creating core-shell structures involves the deposition of Pt monolayers over 
a core of another material. In a colloidal synthesis procedure, Pt monolayers form on nuclei of 
other materials. The exact mechanisms behind this colloidal nucleation will depend on the seed 
material, with many parameters affecting the growth mode and crystallinity of the final core-shell 
particle. Such a technique allows for monodisperse particles to be produced with a fine control 
over the Pt shell thickness. [69] However, it is extremely dependent on the seed material as the 
associated growth mode may not yield monolayer Pt on the surface. Wang and Toshima 
implemented a colloidal synthesis to produce Pd@Pt core-shell particles in the size regime of 1.5-




1.3 Background on Support Materials 
It has been established that the inclusion of a support material enhances the activity and 
stability of an electrocatalyst over metal particles alone. [72] For state of the art Pt/C catalysts, the 
support material is typically in the form of carbon black. These carbon blacks are small enough to 
be considered 0-dimensional supports. Regardless of the manufacturer, they can be considered 
electrically conductive, have high surface area and are readily available in large supplies. Along 
these properties, literature has identified key properties of an ideal support material, including high 
electronic conductivity, corrosion resistance, uniformity in size and shape, high surface area, 
strong binding with metallic catalyst particles, and dispersed nucleation sites for catalyst 
precursors, [73] as well as strong metal-support interaction, porosity to maximize the triple-phase 
boundary, and flooding resistance. [74] While carbon blacks are relatively cost-effective support 
materials that address some of these criteria, increasing demands in electrocatalyst capabilities 
mean that an optimal support would confer benefits beyond the inherent limitations of carbon 
blacks. 
One of the primary motivations in developing novel support materials involves durability 
concerns with carbon black. At higher operating potentials, carbon corrosion becomes a serious 
issue. While Pt does become macroscopically oxidized at these potentials, it merely becomes 
passivated by an oxide film which can be reduced at lower potentials to recover the Pt surface. It 
should be noted that this is the dominating cause of immediate catalytic inhibition Pt particles, 
with more drastic mechanisms such as sintering and agglomeration being more noticeable over 
prolonged operation. Unfortunately for carbon black, corrosion at high potentials permanently 
affects the performance of the electrocatalyst as attached metal particles become lost due to 
breakoff of the support material. The second primary impetus towards support material research 
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revolves around the observed enhancement of the capabilities of the catalyst in terms of catalytic 
activity. As aforementioned, researchers have determined that the choice of support material plays 
as significant a role in electrocatalyst performance as the characteristics of the active material 
particles. [73] From here, novel support materials for Pt catalysts attempt to address these criteria 
of durability and activity enhancement. While the intent is to pursue both simultaneously, the 
general trend is for non-carbonaceous support materials to target stability and for carbonaceous 
support materials to focus on catalytic improvements. As always, there are exceptions to this and 
the effects of each category will be briefly discussed. 
 
1.3.1 Non-Carbonaceous Support Materials 
One subcategory of non-carbonaceous support materials is that of conducting metal oxides. 
Unlike carbon black, carbon corrosion does not affect metal oxide materials which are essentially 
inert in fuel cell operating conditions. Many electrochemical studies have been conducted on the 
viability of oxides such as titanium oxide, tin oxide, silicon dioxide and tungsten oxide. It was 
noted that titania exhibited excellent corrosion regardless of the acid used as the electrolyte. [74] 
In addition, electrical conductivity was comparable to that of graphitic materials. Durability tests 
with tin oxide by Masao et al. revealed similar stability characteristics, even after 10 000 cycles 
with an upper potential of 1.3 V vs RHE. [75] Seger et al. deposited Pt particles on silicon dioxide 
as a support material for fuel cell testing in MEA conditions and found that the optimum 
composition provided a power density comparable to that of Pt/C; [76] unfortunately, poor 
electrical conductivity severely limits the viability of silicon dioxide as a support material. 
Tungsten oxide demonstrates similar stability behaviour as other metal oxide support materials 
even in acidic conditions and in elevated temperatures, [77] though a non-negligible level of 
tungsten dissolution in acid is still present. 
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A second subcategory of support materials is that of transition metal carbides (TMCs). Due to 
cost concerns with the use of Pt catalysts, TMCs have also been employed as catalytic active 
materials by themselves, though further details of pure TMC electrocatalysts are beyond the scope 
of this work. Among TMCs, tungsten carbide has received particular attention as its electronic 
structure resembles that of pure Pt near the Fermi level. [78] As a support material, improvements 
over commercial Pt/C have been attributed to a synergistic effect between the metal and support. 
[79] When acting as a support material for Pt particles in MEA form, it also displayed resistance 
to the oxidizing conditions of PEMFC operation by retaining greater catalytic activity compared 
to commercial Pt/C. [80] 
 
1.3.2 Carbonaceous Support Materials 
Novel carbon-based support materials have been developed in order to circumvent the 
limitations brought about by carbon blacks. Among the most popular carbonaceous alternatives 
are carbon nanotubes (CNTs), which can be considered 1D support materials to the nearly 0D 
carbon blacks. Its appeal is brought about by advantageous characteristics including high surface 
area, electronic conductivity and chemical stability. [81] Unfortunately, bare CNTs are typically 
inert and lack the appropriate binding sites upon which metal particles can attach. As such, CNTs 
are usually functionalized via acid treatment before serving as support materials. Otherwise, less 
than 30wt% loading of Pt can be conducted on multi-wall CNTs (MWCNTs). The electrochemical 
stability of Pt loaded onto MWCNTs was demonstrated by Park et al., with this new catalyst 
suffering from a smaller degradation in performance as compared to Pt loaded onto Vulcan XC-
72 carbon black. [82] Unfortunately, the lack of a high scale methodology currently prevents CNTs 
from being available as a support material in commercial catalysts. 
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Graphene can be considered the 2D analogue of 1D CNTs and nearly-0D carbon blacks, and 
interestingly addresses many of the characteristics of an effective support. Boasting large surface 
area as well as one of the highest electron transfer rates and high conductivity, graphene has 
already established itself as a popular support material for electrocatalysts. In particular, the fast 
electron transport in graphene is hypothesized to more easily facilitate the ORR. Deposition of 
metallic materials onto the basal planes of graphene can be relatively difficult despite its large 
surface area. On the other hand, these basal planes can resist oxidative attack and corrosion much 
more easily than carbon black. [83] One challenge associated with graphene-based materials is 
that of graphene sheet restacking via strong π-π interactions; this leads to mass transport concerns 
as oxygen can no longer reach sheets in the middle of a stack, and any generated water can result 
in flooding of the electrocatalyst if there is difficulty in water removal. In any case, studies on the 
capabilities of graphene have been conducted both in RDE and in MEA methodologies. 
 
1.3.3 Doping of Support Materials 
The inclusion of various elements to a support material allows for tailored characteristics to 
either enhance desirable characteristics or to mitigate the deficiencies in a given support material. 
In the context of metal oxide materials, electrical conductivity can be increased by the addition of 
certain dopants. Park and Seol recognized the conductivity bottleneck in TiO2 and doped the 
support with Nb. [84] Haas et al. doped a TiO2 support material with Ru based on the requirement 
that greater than 27 mol% of Ru would provide sufficient conductivity. [85] More drastic 
conductivity issues with SnO2 encouraged the use of dopants to increase the overall performance 
of this metal oxide; Lee et al. used Sb as a dopant for SnO2 to increase the conductivity of the 
support material to 0.11 S/cm. [86] Interestingly, Chhina et al. reported high stability with TiO2 
support materials doped with Nb after subjecting the electrocatalyst to a potential of 1.4 V for 60 
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h. [87] Huang et al. had similar durability observations after potential cycling Nb-doped TiO2 in 
MEA conditions. [88] 
Carbonaceous support materials have also been subject to doping to enhance their capabilities. 
Nitrogen has been especially ubiquitous as a dopant in many carbon-based support materials, and 
has been of particular focus for non-Pt based electrocatalysts. That being said, other elements have 
been utilized as dopants including boron, [89] fluorine, [90] and phosphorus. [91] In any case, 
several major benefits have been identified in doping graphene-based materials. [92] Firstly, such 
dopants provide nucleation sites without the need for functionalization techniques. Secondly, 
introducing dopants into a graphene-based structure can modify the electronic structure any 
deposited Pt particles, enhancing the catalytic capabilities of the electrocatalyst. Lastly, metal-
support interactions can be strengthened to anchor Pt particles to the support material and mitigate 
degradation mechanisms. [83] Such work has been conducted with nitrogen and activated 
graphene by Choi et al., [93] with the nitrogen dopant assisting in the dispersion of deposited Pt 
particles, enhancing the ORR activity and stabilizing the electrocatalyst; electrochemical testing 
in RDE conditions revealed these effects, with potential cycling for 1000 cycles in N2 saturated 
electrolyte serving as an accelerated durability test (ADT). 
While not as popular as nitrogen, sulfur has become an increasingly utilized dopant for 
carbonaceous supports. Preliminary studies on sulfur-doped graphene (SG) by Higgins et al. 
revealed an enhancement in catalytic activity towards the ORR over commercial Pt/C with a mass 
activity of 139 mA mgPt
-1 compared to 121 mA mgPt
-1 at 0.9 V vs RHE. [94] Furthermore, there 
was an 87% retention in the ECSA of SG and decreased loss in mass activity compared to Pt/C, 
with 108 mA mgPt
-1 for the former and 39.8 mA mgPt
-1 for the latter at 0.9 V vs RHE. Similar 
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results were achieved for Pt nanowires supported by SG. [95][96] From this, it can be seen that 
sulfur has much potential as a dopant for support materials. 
 
1.4 Scope and Motivation for Current Work 
Unlike nitrogen-doped supports, sulfur as a dopant for support materials has not yet been fully 
investigated. Previous studies on sulfur-doped graphene as outlined above have provided 
promising results towards catalyzing the ORR at the cathode. As discussed in the references above, 
interactions between the metal particles and support can be described as a “tethering” phenomenon 
that can enhance the longevity of the catalyst under continued PEMFC operation. However, the 
reported works have been conducted with monometallic Pt. As per 1.2.1 Pt Alloy Catalysts, the 
constituents of multimetallic catalytic particles exert various phenomena upon each other which 
can affect both the physical and electronic structures of the final electrocatalyst. Combining this 
with the metal-support interactions between a sulfur-doped support material and the Pt alloy 
particle, it can be inferred that the mechanisms from doping and alloying will both impose a 
convolution of effects on the final material. As a result, current work encourages the investigation 
of sulfur-doped support materials in the presence of alloyed active materials. This will be discussed 




Chapter 2 — Characterization Methods 
2.1 Physical Characterization 
2.1.1 Electron Microscopy 
Electron microscopy is an imaging technique that utilizes electrons rather than photons as in 
conventional microscopy. The capabilities of optical microscopy are limited by certain phenomena 
and quantitative metrics such as image resolution are controlled by physical parameters. More 
specifically, the minimum feature size that can be resolved by a beam can be given by the 





 (Equation 2.1) 
where 𝜆 is the wavelength of the beam and 𝑁𝐴 is the numerical aperture of the system. The 
numerical aperture can be increased by design elements such as oil immersion, but the most salient 
limitations are related to the wavelength of light; light in the visible spectrum thus restricts what 
wavelengths can be used, and with the minimum wavelength yields an approximate resolution of 
200 nm under the most ideal design conditions. This is insufficient to image the materials produced 
in this work, where particles can be as small as several nanometres in diameter. 
In comparison, an electron acting as a matter wave exhibits much more favourable 





 (Equation 2.2) 
where ℎ is Planck's constant, 𝑚𝑒 is the mass of the electron, and 𝜆 is the electron’s de Broglie 
wavelength. For a typical accelerating voltage of 10 kV (for an electron energy of 10 keV) and a 
numerical aperture of 0.01, the wavelength is found to be 0.12 Å. As can be seen, much smaller 
resolutions can be achieved via electron microscopy. Because these electrons are so energetic, the 
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chamber of an electron microscope must be placed under ultra-high vacuum to prevent the high-
energy electrons from interacting with free gas molecules instead of the sample. 
It can be noted from above that the resolution is dependent on the electron energy and 
accelerating voltage, which is in turn related to the electron gun used in the microscope. Electron 
guns with a tungsten or LaB6 filament produce electrons through thermionic emission, whereby 
thermal excitation through the filament provides enough energy for electrons to overcome the 
material’s work function to escape into free space. Similarly, other guns operate by field emission 
which is a quantum mechanical tunneling process that does not require heat and produces electrons 
with a narrower energy distribution. These electrons are focused in a Wehnelt cylinder inside the 
electron microscope and controlled by electromagnetic lenses to the specimen. From here, the 
specimen choice as well as the method of collecting the electrons differ in transmission and 
scanning electron microscopy. 
In this study, both scanning and transmission electron microscopy have been conducted to 
image the materials to qualitatively determine the physical properties relevant to the 
electrocatalysis of the ORR. Such investigations will be discussed in more detail in sections 2.1.1A 
and 2.1.1B below. 
 
2.1.1A Transmission Electron Microscopy 
In transmission electron microscopy (TEM), the electrons pass through the specimen and then 
typically through projector lenses to be displayed in a multi-step magnification process. Because 
the electrons must penetrate the specimen, samples too thick to allow any electrons to travel 
through cannot produce an image. The electron path changes after interaction with the sample, 
with these interactions changing the intensity of collected electrons for the image. As such, an 
image is formed based on the atomic characteristics as well as thickness of the specimen being 
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imaged. A further application of TEM is mass density contrast, whereby contrast in the image is 
taken from the intensity as compared to the average atomic number 𝑍; it should be noted however 
that any detected contrasts in mass density resulting from these interactions is primarily due to 
electron scattering, not absorption. An additional contrast formation technique is diffraction 
contrast, in which crystal facets preferentially scatter the electron beam depending on the degree 
by which the sample stage is tilted. 
In order to image with this technique, the sample is drop-casted onto a TEM grid made of 
copper coated with amorphous carbon. Within the microscope chamber, electrons emitted from 
the gun interact with the sample on the grid and are collected with as described above. With this 
technique, the electrocatalysts in this work can be imaged for the qualitative study of the physical 
metal-support interaction, such as the size and level of dispersion of the metal particles on the 
support material. 
More specifically for this work, TEM was performed to image the electrocatalysts before and 
after being subjected to electrochemical testing. Observations made from the beginning of life 
(BOL) state as compared to the end of life (EOL) state allowed for analysis of degradation 
mechanisms hypothesized for typical cathode catalysts, such as corrosion of the graphene support 
material and growth of the catalytically active particles by phenomena including Ostwald ripening 
and sintering. Such changes in the catalysts from the BOL to the EOL states can then be associated 
with qualitative data collected during electrochemical testing, such as active surface area and the 
catalytic activity. 
 
2.1.1B Scanning Electron Microscopy 
Scanning electron microscopy (SEM) utilizes secondary electrons (SE) and backscattered 
electrons (BSE) produced in the sample by the incident electron beam from the electron gun. The 
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depth from which SEs and BSEs can be produced is dependent on the energy of the initial electrons, 
but because the sample itself can prevent deep electrons from being released the maximum depth 
that electrons can be collected is generally 300 nm. From this, it can be seen that SEM is considered 
a surface characterization technique. Surface charging from electron accumulation is a concern for 
non-conductive materials, necessitating the use of sputtering prior to SEM imaging. The energy of 
the SE and especially BSE will depend on the atomic composition of the sample, allowing for the 
discrimination of material composition. In addition, intensity and brightness can be affected by 
crystal orientations, allowing for facets to be detected. 
SEM can show the highly conductive metal particles deposited on the support material. To 
perform this microscopy, electrocatalyst powders are deposited onto double-sided conductive 
carbon tape affixed to SEM stubs. In similar function to TEM, the size and dispersity of these 
particles on the support can be determined. Furthermore, X-rays produced from the incident beam 
can be collected in an additional characterization technique described below in order to determine 
the surface elemental composition. 
For this work, SEM allows for a facile alternative to TEM when imaging the electrocatalyst 
surface. From images at various levels of magnification, the quality of the electrocatalyst can be 
estimated based on factors such as the size and distribution of the alloy metal particles deposited 
on the surface of the graphene support. The appearance of large particles is an indicator of a low 
surface area to volume ratio and thus fewer active sites available for the ORR, whereas a poor 
distribution of particles on the graphene sheet tends to imply a poor activity due to transport issues 
to and from the active sites. 
 
2.1.2 Energy-Dispersive X-Ray Spectroscopy 
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When incident electrons eject core electrons from atoms in a sample, electrons from the higher 
energy valence shell take their place. This relaxation produces X-rays that can be collected by an 
electron microscope in a technique referred to as energy-dispersive X-ray spectroscopy (EDX). 
Because this based on a relaxation phenomenon, the energy of these X-rays will be characteristic 
of the element involved and allows for such elements to be identified. On the other hand, the 
presence of many elements with similar characteristic X-rays can prevent each element from being 
uniquely determined. 
For this study, EDX was performed to verify the presence of the alloy metal particles on the 
prepared electrocatalysts as well as that of the sulfur dopant in the graphene support. Additionally, 
elemental mapping of the catalyst via EDX displayed the distribution of each element on the 
support material for each of the studied catalysts. As a result, these elements could be confirmed 
by both mapping and the spectra obtained by EDX. Furthermore, the use of mapping would 
determine if the particles found in microscopy were alloyed particles or pure metal particles alone. 
 
2.1.3 X-Ray Diffraction 
X-ray diffraction (XRD) is a characterization technique that uses an electron gun to produce 
high-energy incident electrons which knock out core electrons from a crystalline sample, 
generating characteristic X-rays in the resulting relaxation process. Because the electron gun 
typically operates by thermionic emission, a form of cooling is required with the system. The angle 
between the electron gun and X-ray detector is controlled by a goniometer, allowing for the 
intensity of detected X-rays to be controlled with respect to the angle. For a crystalline sample, a 
signal peak is only obtained when the path difference between sets of planes with an interplanar 
distance 𝑑ℎ𝑘𝑙 is such that constructive interference occurs according to Bragg’s law: 
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 2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆 (Equation 2.3) 
where 𝜃 is half the angle between the electron gun and X-ray detector and 𝜆 is the wavelength of 
the beam, and these parameters are correlated such that the aforementioned constructive 
interference is possible. 
In this study, XRD spectra of the prepared electrocatalysts were collected and compared to the 
spectra of Pt and Ni to confirm the successful syntheses of the catalysts. Moreover, the relative 
intensity of the XRD peaks corresponding to the different Pt crystal facets would correlate to the 
results of electrochemical testing as certain facets have greater catalytic activity towards the ORR 
than others. 
 
2.1.4 X-Ray Photoelectron Spectroscopy 
In X-ray photoelectron spectroscopy (XPS), photons from an X-ray source energetically emit 
an electron in the sample via photoelectric excitation. The kinetic energy 𝐸𝐾 of the electron upon 
being detected can be based on the energy of the X-ray source as well as the material as per 
 𝐸𝐾 = ℎ𝜈 − 𝐸𝐵 − 𝜙 (Equation 2.4) 
where 𝐸𝐵 is the binding energy of the atom in the material and 𝜙 is an energy cost for the electron 
to reach the detector, affected by variables such as work function and sample-detector potential 
difference. Despite the high penetration of the photons, the resulting photoelectrons have a 
relatively low energy and cannot escape from deep within the sample. As such, XPS is considered 
a surface characterization technique. 
XPS is employed in this work to obtain the elemental concentrations of mainly platinum and 
nickel for the particles deposited onto the support material. In addition, shifts in the peaks of the 
XPS spectra indicate an interaction between the platinum in the particles with the alloyed nickel 




2.1.5 Inductively Coupled Plasma Spectroscopy 
As the name implies, inductively coupled plasma (ICP) spectroscopy is a characterization 
technique that utilizes plasma generation in a chamber surrounded by an induction coil with the 
intention of analyzing the elemental composition of a material sample. The generated plasma 
bombards the specimen, energizing and ionizing the atoms of the material. These high energy 
excited states are short-lived and must relax to a more stable ground state. Upon relaxation from 
the excited states, radiation will be emitted with wavelengths characteristic of the elements 
involved in the analyte. Coupling ICP with atomic emission spectroscopy (AES), the combined 
characterization technique ICP-AES uses a photodetector to determine the intensity distribution of 
the radiation across a range of wavelengths. 
In order to conduct ICP-AES in this work involving Pt catalytic materials, the material is first 
subjected to digestion in appropriate acids such as aqua regia. This is done to ensure homogeneity 
within the specimen in order to determine the bulk composition; because ICP-AES is a surface-
sensitive process, leaving the electrocatalyst in solid form would show only the exposed elements 
and would be affected by nanostructures including core-shell morphologies. Once the digested 
solution of catalyst is in the spectrometer chamber, plasma is generated and induction coils focus 
the bombardment onto the sample. The radiation from the relaxation of excited states is then 
collected by photodetectors, with photomultipliers implemented to amplify the signal from the 
received wavelengths. 
For this work, ICP is performed in order to determine the ratios of Pt to Ni in the alloy metal 
particles, which is then used to find the precious metal loading of the electrocatalyst and thus the 




2.2 Electrochemical Characterization 
The true capabilities of a fuel cell electrocatalyst under realistic conditions are only fully 
known when it is used in a proper fuel cell stack, with many parameters such as gas exchange into 
the catalyst layer or susceptibility to flooding only being present in such a set-up. As such, 
electrochemical testing in a fuel cell station is considered to provide the most authoritative data 
for a fuel cell catalyst. Unfortunately, such testing requires a relatively large amount of catalytic 
material to be coated onto a complete membrane-electrode assembly (MEA) consisting of a Nafion 
membrane as well as gas diffusion electrode (GDE) and gas diffusion electrode (GDL). In addition, 
the preparation of a complete MEA requires a significant amount of time and attention. For these 
reasons, the fuel cell station is a relatively cumbersome electrochemical testing method. 
In comparison, a rotating disk electrode (RDE) in a half-cell setup can determine the 
electrocatalytic capabilities of a material with significantly decreased resources and time. This test 
can be considered to be the idealized performance of the catalyst as many more subtle phenomena 
are not present as with the MEA in a fuel cell stack. As a result, the catalytic activity under half-
cell conditions are reported independently of those under fuel cell conditions. Furthermore, fuel 
cell catalyst targets set by the DoE discriminate between the two. Despite these differences, 
catalyst testing under half-cell conditions is still the standard and ubiquitous technique due to its 
ease. 
In the half-cell setup, the RDE cell uses three electrodes and a potentiostat to control the system. 
The reference electrode (RE) provides a known standard by which the other two electrodes can be 
compared. There is a number commercially available of reference electrodes, with selection 
dependent on the testing conditions. As an example the Ag/AgCl electrode is a common reference 
electrode in alkali conditions while in this work with Pt catalysis towards the ORR, the reversible 
hydrogen electrode electrode (RHE) is typical. The counter electrode (CE) represents the anode of 
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the fuel cell and is usually Pt, commonly taking the form of a wire or mesh to maximize surface 
area. The electrocatalyst of interest is deposited on the glassy carbon (GC) of the working electrode 
(WE). The electrodes are inserted into the RDE cell and immersed in an appropriate electrolyte. 
For ORR catalysis with Pt, HClO4 is normally used as its anion exhibits less adsorption to catalytic 
active sites than those of other acids. 
Prior to testing, the electrolyte is purged with either N2 or O2 gas until saturated. The choice of 
saturated gas depends on the electrochemical test that is to be done. In this work, the two main 
electrochemical characterization techniques involve the cyclic voltammogram and ORR 
polarization curve of the catalyst. Because the catalytic capabilities of a material can degrade under 
continued operation, these two can be again obtained following a degradation test. 
 
2.2.1 Cyclic Voltammetry 
In cyclic voltammetry (CV) of a Pt-based catalyst, electrocatalytic parameters such as the 
electrocatalytically active surface area (ECSA) can be determined from the catalyst when 
immersed in N2-saturated electrolyte. Such an area indicates the number of catalytic active sites 
present in the material, with a larger ECSA generally increasing catalytic activity by providing a 
greater number of sites for the ORR to take place. The ECSA is determined from peaks in the CV 
corresponding to hydrogen adsorption/desorption from the Pt catalyst surface. 
In this work, the ECSA was calculated in m2/g using the integral of the hydrogen desorption 




Γ × 𝐿 × 𝐴
 (Equation 2.5) 
where 𝑄, in Coulombs, corresponds to the charge integrated from the hydrogen desorption peak 
from the anodic sweep; 𝑟 is the scan rate in mV/s, Γ = 210 μC/cm2 is the charge required to 
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reduce a hydrogen monolayer from a polycrystalline Pt surface; 𝐿 is the Pt loading onto the 
glassy carbon working electrode, here taken to be 20 μg/cm2; and 𝐴 is the area of the glassy 
carbon electrode in cm2. [97]–[100] Accelerated degradation testing (ADT) was conducted in 
similar conditions, with 1500 cycles from 0.05 to 1.3 V vs RHE instead. The CV of each catalyst 
was obtained pre- and post-ADT. Pre- and post-ADT ORR polarization curves were obtained 
from the anodic scan from 0.05 to 1.2 V vs RHE at 5 mV/s in O2-saturation. 
 
2.2.2 ORR Polarization 
The ORR polarization curve provides the actual catalytic activity of the catalyst. Conducted in 
O2-saturated electrolyte, rotation of the WE induces laminar fluid flow directly into the catalyst-
deposited GC. This flow carries the dissolved oxygen gas into the catalytic active sites, and 
increasing the rotation rate increases the amount of oxidant flowing into the catalyst. Hence the 
limiting current, defined as the maximum current at which further potential changes will not 
increase the current as all diffused oxygen is already reacted, can be increased by increasing the 
rotation rate. In this work, ORR polarization curves were typically conducted at a rotation rate of 
1600 rpm. 
The measured current 𝑖, taken from the polarization curve, is a combination of the kinetic 
current 𝑖𝑘 and the diffusion-limited current 𝑖𝑑. The diffusion-limited current itself is dependent on 








6𝐶 (Equation 2.6) 
where 𝑛 is the average number of electrons transferred in the reaction, 𝐹 is Faraday’s constant, 𝐴 
is the area of the electrode, 𝐷 is the diffusivity of the reactant, 𝜔 is the rate of rotation, 𝜈 is the 
electrolyte kinematic velocity, and 𝐶 is the concentration of dissolved oxygen. Because 𝑖𝑑 has a 
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dependence on rotation rate, the kinetic current 𝑖𝑘  is of interest in determining the inherent 
catalytic ability of a material. 
In this study, ORR polarization curve is obtained in order to determine the currents in the 
regimes mentioned above. With these currents, the catalytic activity of the electrocatalysts at the 





Chapter 3 — Stabilization of platinum-nickel alloy nanoparticles 
with sulfur-doped graphene support in polymer electrolyte 
membrane fuel cells 
3.1 Introduction 
Continued use of non-renewable fossil fuels is becoming more economically and 
environmentally unsustainable, leading to an unmet demand for alternative sources of energy 
generation. Among these new sources, polymer electrolyte membrane fuel cells facilitated by 
platinum-group metal catalyzing the oxygen reduction reaction (ORR) at the cathode have 
attracted much interest as a green power technology. In turn, the practicality of such fuel cells is 
limited by the scarcity of platinum and the loss of output power after degradation from continued 
use. Motivated by the high costs of these catalysts, a reduced noble metal loading has been made 
possible by compensating with high activity electrocatalysts. Approaches to increase catalytic 
activity include alloying Pt with transition metals and supporting the metal with stable carbon 
nanomaterials such as carbon nanotubes [101] or graphene. [83][105] It has been reported that the 
lattice-strain phenomenon is the primary mechanism [22][103]–[105] by which platinum alloys 
can achieve greater catalytic activity over platinum alone. Oxygen binds too strongly to pure 
platinum due to the latter’s d-band electron energy levels [1] but by inducing a strain on the surface 
through metal alloying, the electronic structure of the surface can be shifted so that oxygen species 
are bound more weakly, allowing adsorbed OH to more easily dissociate and free the active site. 
[5] This has been shown with transition metals such as iron, [106]–[108] copper, [109] and cobalt 
[21][110]–[113] as well as with noble metals in nanostructure morphologies. [114]–[118] In 
particular, nickel-based alloys have shown levels of catalytic activity greater than those based on 
other transition metals. [23][60][65][119]–[121] 
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Unfortunately, there are major challenges with transition metal dissolution under acidic 
conditions due to the low dissolution potentials of such elements. In addition, other concerns with 
the stability of PEMFC catalysts involve the degradation of the support material, which is typically 
carbon black. This results in either the breakoff of attached metal particles from the support or the 
direct corrosion of the carbon itself, both of which are exacerbated at upper operating potentials. 
As this is the result of weak interaction between the support and active material, dissolution and 
support instability can be solved through enhanced bonding between the electrocatalyst 
components. Nanocarbon support materials such as graphene have become increasingly popular 
as the main focus of catalytic research in recent years. Furthermore, doping graphene with elements 
such as nitrogen,[93] phosphorus and boron has yielded improved catalytic performance. [122]–
[124] In particular, recent developments involving sulfur have yielded impressive platinum-based 
catalysts. [95][96][125] This doping technique has further been observed to improve the longevity 
of the catalyst,[94] and this is posited as due to the strengthened metal-support bond preventing 
the breakoff of the metal species. [92] As such, the incorporation of sulfur-doped graphene (SG) 
as in this work would show great promise for improving the activity and stability of Pt alloy 
catalysts. 
Previously, our group had reported the use of SG to support platinum nanoparticles and 
nanowires with the effect of increased activity and stability, with density functional theory (DFT) 
modelling corroborating these results. [94][96][124] In these simulations, it was determined that 
pure platinum deposited onto sulfur-doped graphene (Pt/SG) had an adsorption energy of -2.68 eV 
versus -2.01 eV for pure platinum on graphene (Pt/G), a d-band centre at -2.72 eV for Pt/SG versus 
-2.33 eV for Pt/G, and a cohesive energy of –3.95 eV for Pt/SG versus -3.67 eV for Pt/G. However, 
the synergistic behaviour between SG and alloyed platinum has yet to be investigated. The changes 
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in electronic structure introduced into a Pt alloy by the lattice-strain from a transition metal such 
as nickel can have very drastic effects on the binding strengths of sulfur dopants as compared to 
pure Pt, and the impact on both catalytic activity as well as stability must be considered. Herein, 
we report the performance of a platinum-nickel catalyst supported by SG, here referred to as Pt-
Ni/SG, and the role of SG for bimetallic Pt-Ni. The synthesis of the alloy was conducted using the 
well-established polyol method as found in literature, then the catalyst was chemically dealloyed 
for Pt-Ni/SG-DA and finally subjected to thermal annealing for Pt-Ni/SG-PHT. Electrochemical 
testing was performed on the alloy, dealloyed and heat treated catalysts with physical 
characterization used to correlate the behaviour with the catalyst morphology with the final as-
prepared catalyst Pt-Ni/SG-PHT demonstrating excellent stability as compared to commercial Pt/C. 
 
3.2 Experimental 
3.2.1 Physico-chemical Characterization 
Samples were imaged by transmission electron microscope (TEM, JEOL 2010F). 
Characterization was also conducted through x-ray diffraction (XRD, Rigaku Miniflex), and 
inductively coupled plasma spectroscopy (ICP, Teledyne Leeman Labs Prodigy High Dispersion 
ICP system). 
 
3.2.2 Electrochemical Measurements 
For electrochemical testing, a five-neck glass cell for rotating electrodes was filled with 200 
mL 0.1 M HClO4, with a Pt wire as the counter-electrode and a reversible hydrogen electrode 
(RHE) as the reference electrode. A 0.196 cm2 glassy carbon working electrode was cleaned and 
polished thoroughly prior to deposition with 10 μL of catalyst ink (2 mg of catalyst dispersed in 
990 μL of 1-propanol and 10 μL of 5wt% Nafion® solution). All working electrodes were prepared 
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with a Pt loading of 20 μg/cm2, and the ink composition of the commercial Pt/C (TKK, 28wt% Pt) 
used in comparison was modified accordingly. Each catalyst was electrochemically activated in 
N2-saturation by cycling from 0.05 to 1.3 V vs RHE at a scan rate of 50 mV/s for 30 cycles to 
obtain the steady-state cyclic voltammogram (CV) curve. The electrochemical surface area 




Γ × 𝐿 × 𝐴
  
where 𝑄, in Coulombs, corresponds to the charge integrated from the hydrogen desorption peak 
from the anodic sweep; 𝑟 is the scan rate in mV/s, Γ = 210 μC/cm2 is the charge required to 
reduce a hydrogen monolayer from a polycrystalline Pt surface; 𝐿 is the Pt loading onto the 
glassy carbon working electrode, here taken to be 20 μg/cm2; and 𝐴 is the area of the glassy 
carbon electrode in cm2. [97]–[100] Accelerated degradation testing (ADT) was conducted in 
similar conditions, with 1500 cycles from 0.05 to 1.3 V vs RHE instead. The CV of each catalyst 
was obtained pre- and post-ADT. Pre- and post-ADT ORR polarization curves were obtained 
from the anodic scan from 0.05 to 1.2 V vs RHE at 5 mV/s in O2-saturation. 
 
3.2.3 Graphene Oxide (GO) Synthesis 
Graphite was oxidized via an improved Hummer’s method to yield GO as described in 
literature. [96] Briefly, 2 g of graphite powder (Alfa Aesar, natural, microcrystal grade, APS 2-15 
micron, 99.9995%) was added to a mixture of concentrated H2SO4/H3PO4 (360:40 mL) in an 
Erlenmeyer flask and stirred for 30 minutes. 18 g of KMnO4 was then added very slowly to the 
mixture, and the flask was heated to 50°C for 16 hours. After heating, the flask was cooled to 
approximately 10°C in an ice bath and 400 mL of DDI H2O was added to the mixture dropwise. 
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Finally, 15 mL of H2O2 (30%) was added to the mixture. The mixture was centrifuged and washed 
with water, ethanol and HCl (30%), and then freeze dried for 3-4 days. 
 
3.2.4 Sulfur-Doped Graphene (SG) Synthesis 
GO was mixed with phenyl disulfide (99%, Sigma-Aldrich) in a 2:1 weight ratio and ground 
together into a fine powder using a mortar and pestle. Using a tube furnace, the powder was then 
annealed at 1000°C for 30 minutes at a 20°C/min ramp rate with argon flowing at 100 sccm. 
 
3.2.5 Synthesis of SG Supported Pt-Ni Nanoparticles 
Deposition of platinum nanoparticles onto SG was achieved via ethylene glycol and the polyol 
process, [74] and this catalyst is denoted as Pt/SG. The PtNi/SG alloy was synthesized by 
annealing the Pt/SG with nickel (II) nitrate hexahydrate in a 1:3 Pt-Ni molar ratio at 600°C for 7 
h in a 100 sccm flow rate of 10%H2-Ar and 10°C/min heating rate. The PtNi/SG was chemically 
dealloyed with 0.5 M sulphuric acid at 80°C for 24 hours, denoted as PtNi/SG-DA. Post heat 
treatment of the PtNi/SG-DA was performed at 400°C for 1 hour in similar conditions as above, 
denoted as PtNi/SG-PHT. 




Figure 3.1: Overall synthesis scheme for the PtNi loaded sulfur-doped graphene electrocatalysts 
at various points in the procedure. 
 
3.3 Results and Discussion 
3.3.1 Physico-Chemical Characterization 
TEM images of the samples Pt-Ni/SG, Pt-Ni/SG-DA and Pt-Ni/SG-PHT reveal the 
morphology of the electrocatalyst as subsequent preparation techniques are performed.  These 
images can be seen progressively in Figure 1(a-c) with the associated particle size distributions 
shown in Figure 1(d-f). The morphology of SG itself is shown through SEM in Figure A1(a) 
(appendix), and the presence of sulfur in the sheets is confirmed in Figure A1(b) (appendix).  It 
can be observed that the freshly prepared Pt-Ni/SG has a comparably broader particle size 
distribution than that of the others and this is due to the high temperature at which annealing was 
performed. Compared to the alloy particles with a wide distribution from 3-10 nm, the dealloyed 
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nanoparticles of Pt-Ni/SG-DA are noted to be diminished to a monodisperse diameter of 
approximately 2 nm. This size reduction is the result of transition metal leaching from the particles, 
leaving platinum as the dominant species. This concurs with literature findings where particles of 
this size were noted to be etched to smaller diameters after dealloying rather than form nanoporous 
particles of the same size. [30][126] Following a second heat treatment of the dealloyed sample 
for the Pt-Ni/SG-PHT catalyst, it can be seen from the size distribution that such a treatment has 
again stimulated a growth in particle size and a broadening of the distribution to 2-7 nm. However, 
the mean particle size as well as the spread in diameter is smaller than that of the alloyed particles 
as the post-heat treatment was not as great in temperature or exposure time as the first treatment 
step. 
 
Figure 3.2. TEM imaging of the (a) Pt-Ni/SG, (b) Pt-Ni/SG-DA and (c) Pt-Ni/SG-PHT 
electrocatalysts. Particle size distributions of these catalysts are shown below the respective 




The morphologies of the catalysts after ADT can be seen in Figure 2(a-c), and their 
corresponding size distributions are shown in Figure 2(d-f). From the particle size distributions of 
the three catalysts, it is clear that ADT has the effect of increasing the size of the metal particles. 
This observation concurs with well-known mechanisms of catalyst degradation such as migration 
of platinum and Ostwald ripening. [127] The size increase is most prevalent in Pt-Ni/SG, with the 
small <4 nm particles absent in Pt-Ni/SG-ADT. The maximum size of the Pt-Ni/SG-DA particles 
increases to 8 nm after ADT, and it is obvious that the size monodispersity of 2 nm is lost. It is 
interesting to note that the distributions of Pt-Ni/SG-PHT and Pt-Ni/SG-PHT-ADT differ very 
little, indicating the stability of this catalyst. Following the annealing step, the catalyst becomes 
very resistant to further changes in the size of the particles and the durability of Pt-Ni/SG-PHT is 
noted to be the greatest. On the other hand, the particle growth rate of Pt/C, shown in Figure A2 
(appendix), is much more pronounced than that of Pt-Ni/SG-PHT. Through ICP analysis, the metal 
content was determined for each of the freshly synthesized catalysts. From Table S1 (appendix), 
it can be seen that a platinum loading of approximately 10wt% was achieved. After chemical 
dealloying, nickel leached from the particles and the absence of the metal after characterization is 
expected. There is also a minute loss in platinum from this technique. After post-heat treatment, 
extant functional groups such as –OH moieties are removed from the graphene support and hence, 
an increase in both nickel and platinum content can be seen. From the XRD spectra of the catalysts 
in Figure A3 (appendix), the peaks in Pt-Ni/SG indicates the presence of Ni particles during 
synthesis of the platinum-nickel alloy. However, after the leaching of nickel by dealloying for Pt-
Ni/SG-DA and post-heat treatment for Pt-Ni/SG-PHT, well defined peaks related to Pt (111) can 
be observed. A qualitative visualization of the composition changes can be seen via elemental 




Figure 3.3. TEM imaging of the (a) Pt-Ni/SG-ADT, (b) Pt-Ni/SG-DA-ADT and (c) Pt-Ni/SG-
PHT-ADT electrocatalysts. Particle size distributions of these catalysts are shown below the 
respective microscopy images, with (d) Pt-Ni/SG-ADT, (e) Pt-Ni/SG-DA-ADT and (f) Pt-Ni/SG-
PHT-ADT. 
 
3.3.2 Electrochemical Characterization 
Pre- and post-ADT CVs from 0.05 to 1.3 V vs RHE for the as-prepared catalysts Pt-Ni/SG, Pt-
Ni/SG-DA and Pt-Ni/SG-PHT as well as the commercial Pt/C are shown in Figure 3(a-d). The 
pre- and post-ADT ECSA as shown in Figure 3(e) were respectively 23.0 and 7.6 m2/g for Pt-
Ni/SG, 28.1 and 18.4 m2/g for Pt-Ni/SG-DA, 23.0 and 16.7 m2/g for Pt-Ni/SG-PHT and 45.3 m2/g 
and 18.3 m2/g for Pt/C. The normalized ECSA of the catalysts can be seen in Figure 3(f), and the 
percent loss in ECSA after ADT was 66, 34, 27 and 59% for Pt-Ni/SG-ADT, Pt-Ni/SG-DA-ADT, 
Pt-Ni/SG-PH-ADT and commercial Pt/C respectively. The increase in ECSA from the alloy to 
dealloyed catalyst can be correlated with the particle size distributions of the two, with the latter 
having particles at a relatively monodisperse 2-3 nm diameter. Finally, the thermal treatment of 
the dealloyed catalyst to form Pt-Ni/SG-PHT lead not only to particle size growth but also a 
42 
 
correlated decrease in ECSA similar to that of the alloy catalyst. The ECSA change following 
ADT clearly shows the greater stability of Pt-Ni/SG-PHT, and this retention can be attributed to 
the metal particle stabilization to SG following post-heat treatment. Thus, the benefits of SG lie in 




Figure 3.4. CV at 50 mV/s in N2-saturated 0.1 M HClO4, before and after ADT of 1500 cycles 
from 0.05 to 1.3 V, for a) alloyed Pt-Ni/SG, b) dealloyed Pt-Ni/SG-DA, c) post-heat treated Pt-
Ni/SG-PHT and d) commercial Pt/C using a 0.196 cm2 glassy carbon working electrode and Pt 
wire counter electrode. Catalyst stability comparison through e) absolute ECSA and f) normalized 
ECSA as a function of potential cycling. 
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The ORR polarization curves of the catalysts can be seen in Figure 4(a-d). From the limiting 
current in each catalyst, the mass-transport corrected kinetic current was derived to obtain the 
respective mass activities. The change in half-wave potentials for Pt-Ni/SG, Pt-Ni/SG-DA and Pt-
Ni/SG-PHT were 38.7, 32.2 and 8.4 mV respectively, compared to 46.8 mV for Pt/C. The initial 
mass activity calculated at 0.9 V vs RHE of Pt-Ni/SG, Pt-Ni/SG-DA, Pt-Ni/SG-PHT, and Pt/C 
was 190, 153, 93 and 125 mA/mgPt respectively, while the mass activity after ADT was 42, 55, 67, 
and 39 mA/mgPt respectively, shown in Figure 4(e). This means that mass activity loss is 
respectively 77.9, 64.1, 28.0 and 68.8%. Similarly, the specific activities at 0.9 V vs RHE of Pt-
Ni/SG, Pt-Ni/SG-DA, and Pt-Ni/SG-PHT were 829, 544, and 405 μA/cm2Pt respectively which 
were higher than that of Pt/C at 266 μA/cm2Pt. The specific activities of these catalysts from 0.85 
to 0.95 V vs RHE are displayed in Figure 4(f). The platinum content in the alloy catalyst as 
determined via ICP analysis was relatively low due to the dominance of nickel in the metal content, 
and this deficiency is expected to be a major factor in its limited activity improvement over Pt/C. 
The poor stability of Pt-Ni/SG with respect to mass activity is attributed to dissolution of the 
transition metal under the electrochemical conditions as indicated by Pourbaix diagrams, [128] 
which is to be compared to the greater resilience in more noble metals such as Pd. [7][129] After 
chemically-induced nickel leaching to form the Pt-Ni/SG-DA, there is a decrease in mass activity 
as compared to the alloy due to the loss of favourable phenomena provided by the transition metal 
including strain and ligand effects. Despite a lower initial mass activity than the alloy, the 
dealloyed catalyst suffered from a smaller activity loss as there was no significant nickel present 
for dissolution to occur from the nanoparticles. The increase in particle size for Pt-Ni/SG-PHT 
finally yields the lowest activity of the three electrocatalysts, but the thermal exposure also resulted 
in the highest interaction between the particles and catalyst support. As such, it has the highest 
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stability and its loss in activity is the smallest of all. Overall, the increased durability of Pt-Ni/SG-
PHT over Pt/C can be attributed to the thiophenic sulfur moieties in the support material, which 
has previously been observed to be the source of strong binding between Pt and the doped graphene 
due to electronic structure modifications and strong catalyst-support interactions. [94]–[96] Such 
thiophene-like sulfur has also been previously identified experimentally through XPS spectra of 
SG used as a Pt-free catalyst, [130] though prior conclusions with regards to stability can only be 





Figure 3.5. ORR polarization curves at 5 mV/s in O2-saturated 0.1 M HClO4, before and after ADT 
of 1500 cycles from 0.05 to 1.3 V, for a) alloyed Pt-Ni/SG, b) dealloyed Pt-Ni/SG-DA, c) post-
heat treated Pt-Ni/SG-PHT and d) commercial TKK Pt/C (28.2wt% Pt) using a 0.196 cm2 glassy 
carbon working electrode and Pt wire counter electrode. The prepared catalysts are compared to 
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commercial Pt/C through e) mass activity change before and after ADT, and f) specific activities 
from 0.85 to 0.95 V. 
 
3.4 Summary 
In summary, platinum-nickel alloy nanoparticles supported by SG were prepared and the 
physico-chemical as well as electrochemical characterization as per half-cell conditions was 
performed. This was done for the catalyst in its alloyed, dealloyed, and post-heat treated form with 
Pt-Ni/SG-PHT being found to have superior stability as it has the greatest retention in both ECSA 
and mass activity, with only a 27% loss in the former and a 28% loss in the latter. This is compared 
to a 59% ECSA loss and 69% activity loss for commercial Pt/C. The exceptional stability of Pt-
Ni/SG-PHT demonstrates the Pt-SG interaction effects from sulfur doping to provide a highly 




Chapter 4 — Conclusions and Future Work 
In this work, the use of sulfur-doped graphene as a support material was observed to enhance 
the catalytic durability of bimetallic catalyst particles when compared to state of the art Pt/C in 
RDE conditions. The electrocatalyst incorporated Pt and Ni deposited on the SG support material 
as alloy nanoparticles by the polyol method, with acid leaching removing poorly active excess Ni 
and post heat treatment to anneal the leached metal particles. TEM imaging for each of these stages 
of synthesis before and after electrochemical testing revealed the physical changes in the deposited 
nanoparticles. In particular, a growth in particle size was noted for each stage after ADT but the 
dealloyed and post-heat treated particles experienced a much less pronounced change in size. This 
indicates a greater resistance to growth phenomena such as Ostwald ripening and sintering, which 
are the main concerns to the stability of commercial Pt/C. The presence and interactions between 
Pt and Ni were both confirmed using EDX, XPS, and ICP with the absence of Ni indicating 
successful leaching of the transition metal. From these techniques, it was also determined that the 
alloy particles had a high proportion of Ni relative to Pt, which could have impacted the final 
electrocatalytic activity due to the inherently poor catalysis of pure Ni. XRD spectra for the three 
stages of synthesis also corroborated with the acid leaching of Ni from the sample, with the peaks 
in the spectra shifting after Ni dissolution. Electrochemical testing in a half-cell setup revealed that 
the final stage of the catalyst Pt-Ni/SG-PHT exhibited greater stability than commercial Pt/C in 
ADT conditions of 1500 cycles from 0.05 to 1.3 V vs RHE. The Pt-Ni/SG-PHT catalyst 
experienced a 27% loss in ECSA from 23.0 m2/g to 16.7 m2/g, while Pt/C suffered a 59% loss 
from 45.3 m2/g to 18.3 m2/g. Similarly, the mass activity of the Pt-Ni/SG-PHT catalyst decreased 
by 28.0% from 93 mA/mgPt to 67 mA/mgPt, while that of Pt/C deteriorated by 68.8% from 125 




From here, there are several directions from which more comprehensive findings can be made. 
In order to fully investigate the PtNi alloy particles deposited on SG support materials as in this 
work, more definitive electrochemical testing can be conducted. While RDE is a robust 
electrochemical characterization technique, practical results from fuel cell testing under MEA 
conditions would provide the most reliable information regarding the performance of the 
electrocatalyst. For this to happen, future work would also require large batch synthesis techniques 
to produce enough catalyst for MEA fabrication. This may require modifications to the synthesis 
procedure beyond the straightforward polyol method of metal deposition. 
As indicated in Chapter 1 — Introduction, previous work involving SG suggests a synergistic 
phenomenon between the active metal material and the support material which leads to an increase 
in activity and durability. However, these findings have only involved pure Pt as the metal 
component. Because of the many mechanisms involved in the catalytic enhancement of 
multimetallic alloys, it would be of great interest to study the use of doped graphene-based 
materials when other transition metals such as Cu, Co or Fe are involved. Furthermore, facet-
controlled synthesis could garner additional attention, as literature has shown that the most active 
facet for pure Pt is not necessarily the most active in a binary alloy catalyst as with Pt(110) as 
compared to PtNi(111). With all of these factors in mind, the optimal catalyst incorporating 
multimetallic alloy particles deposited onto a sulfur-doped graphene support can be 
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Figure A1: (a) SEM image of SG and (b) EDX of SG. 
 
 











Figure A4. XPS spectra for (a) full range of Pt/SG and Pt-Ni/SG, (b) Pt4f spectra of Pt/SG and 



































Table A2. Metal content of catalysts via ICP. 
Catalyst Nickel Mass % Platinum Mass % 
Pt-Ni/SG 16.78 10.73 
Pt-Ni/SG-DA 0.24 10.00 
Pt-Ni/SG-PHT 0.29 11.17 
 
 
 
 
 
